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Construction costsAbstract Tornadoes are dangerous and destructive weather phenomena. The strongest category of
tornadoes on the enhanced Fujita and TORRO scales is responsible for 75% of property destruc-
tion and deaths across the globe. These issues highlight the need for new design practices aimed at
producing tornado proof homes in particular 3D CAD models in tornado prone zones at current
climatic scenarios. Previous studies were entirely based on traditional slants and failed to offer a
reliable tornado proof home, other than small rooms and trailers, while, none of the literature con-
centrated on multiple factors (cost, safety and high-wind proof). Therefore, a knowledge gap exists.
In order to address the current research gap, this study attempts to develop an innovative 3D CAD
model for tornado resistant homes by incorporating 2 PA (Two Path Analysis). Consequently, this
study provides a new design using a 3D-CAD model for a tornado resistant home as in Path One
and cost and safety scenarios in Path Two. However, this new design utilizes missile steel and shield
technology. Preliminary results showed that, while this new design is safer and more technically
sophisticated, it involves an increase of 25–30% in construction costs. However, this increased
expense is low in comparison with rebuilding costs.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Housing and Building
National Research Center. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Tornadoes cause moderate to serious infrastructure damage
and fatalities. Speciﬁcally, recurrent strikes of tornadoes are
high in the U.S.A. (75%) followed by Canada (5%) and
Bangladesh (3%) (Fig. 1) [1–7]. On average, >1200 torna-
does occur annually at various locations in the U.S.A., and
recent statistical data revealed that from 742 tornado inci-
dents in 2013, there were 54 fatalities with damage costs of
$3.6 billion [8]. While, Structural damage costs at global
and regional scales are >$8 billion and >$1.5 billion respec-
tively, which comprises 60% of annual insurance loss [9]..
10.1016/
Fig. 1 Global incidences of tornadoes [12].
2 K. Kantamaneni et al.According to Brooks et al. [10], since the 16th century there
have been more than 20,000 deaths in 3600 tornado strikes.
Many tornadoes have relatively low wind speeds
(<180 km/h) and are between 40 and 100 m in diameter,
potentially traveling many miles before dissipating. Some
extremely violent tornadoes can reach speeds of
>450 km/h, and can expand to >3 km in radius while
traveling approximately 100 km [10,11].
Damage caused by tornadoes raises concerns regarding
design methods and practices used for the construction of
residential homes. However, the building of tornado resis-
tant homes and the development of construction materials
with steel components that are utilized to design residential
structures against high winds are somewhat new.
Consequently, this research paper will identify the impor-
tance of tornado proof homes, as well as ﬁnancial conse-
quences of loss. From a consideration of safety issues and
utilizing a novel Three-Dimensional Computer Aided
Design (3D CAD) model, a design for tornado proof houses
will be developed. Subsequently, the novel designs will be
analyzed and evaluated against construction cost and safety
scenarios by incorporating 2PA – 2 Path Analysis
methodology.Please cite this article in press as: K. Kantamaneni et al., Cost vs. safety: A novel des
j.hbrcj.2015.05.004Background
There has been a considerable amount of research on the designs
and practices of tornado resistant homes, but this research is
fairly limited. Martin [13] designed tornado escape capsules
(Figs. 2 and 3) for the house trailer, which comprises a strongly
constructed escape capsule with a lockable entrance. Silen [14]
designed a model for a tornado protection building (Fig. 4),
which has top and sidewalls. This is resistant to tornado wind-
forces because, the metal sheet covering is reinforced by upright
and straight beams bonded together in a structural framework.
Both are feasible from a safety perspective but not from a cost
viewpoint. Gopu and Levitan [9] proposed a low-cost lightwood
frame construction for tornado resistant homes, while Green
[15] suggested a portable pre-fabricated tornado shelter for
use in tornado prone zones. Furthermore, Weber [16],
Marroquin [17], Reed [18], Hillje [19] and Zubieta [20] suggested
novel designs for tornado proof building/shelters. More
recently, Zhou et al. [21] proposed a tornado safety room.
While all models as mentioned above had diverse success rates
from both cost and safety perspectives, it highlights that current
design practices are not adequate to sufﬁciently resist tornado
wind forces (400 mph). Consequently, this study focused onign for tornado proof homes, HBRC Journal (2015), http://dx.doi.org/10.1016/
Figs. 2–4 (2 and 3) Tornado escape capsule [13]. (4) Tornado protection building [14].
Table 1 Wind measurement on Enhanced Fujita (EF)




Gust (mph) speed – 3 sec Distinctive
damage
EF0 (T0&T1) 65–85 Light damage
EF1 (T2&T3) 86–110 Moderate
damage
EF2 (T4& T5) 111–135 Signiﬁcant
damage
EF3 (T6&T7) 136–165 Severe damage
EF4 (T8&T9) 166–200 Devastating
damage








1 Authors contacted steel companies and missile construction engi-
neers for the possibility of transforming maraging steel into proposed
models and designs.
Design for tornado proof homes 3construction designs for tornado resistant homes capable of
resisting 400 mph winds using missile shield and steel technol-
ogy. The designs utilized a new 3D-CADmodel and considered
cost and safety consequences.
Anatomy of tornado winds
Measurement of tornado wind speed in severe weather condi-
tions is a challenging task because of their occurrences at
remote locations and short-lived nature. However, most of
the tornadoes were not recorded by meteorological station net-
works across the globe due to the lack of sophisticated radar
system such as Doppler on Wheels (DOW) [22]. Nonetheless,
the damage of tornado strikes mainly depends on gust speed.
This force destroys the construction and properties within sec-
onds. Meanwhile, violent tornadoes are usually long-lived and
cause severe destruction to structures (residential and commer-
cial) and infrastructure [23,24]. Estimation of wind speed will
usually acquired from post-tornado strikes. Nevertheless, wind
intensity has often been categorized either using the Enhanced
Fujita scale –EF (modiﬁed from E scale to EF scale in 2007)
[25] or using the T-scale (TORRO Scale –Europe only) [26]
or using both classiﬁcations (Table 1). However, they were ini-
tially devised as wind speed scales, but in practice, they are
established and applied as explanatory scales that differentiate
several levels (EF0-EF5) of destruction to structures (Figs. 5
and 6). Furthermore, highest wind speed in tornado history
is 318 mph, which was recorded on 3rd May 1999 at
Oklahoma [27], and more recently, above 200 mph winds
recorded at the same state in 2013 [28].
Tornado losses (insurances) in the USA
Based on insurances data for tornado damage in USA for the
period of 1949–2006 explored that, more than 790 strong tor-
nadoes caused >$6 trillion losses [32]. Nevertheless, in 2011Please cite this article in press as: K. Kantamaneni et al., Cost vs. safety: A novel des
j.hbrcj.2015.05.004thunderstorms and tornadoes together triggered the $29 billion
property damage [33]. Chronological statistics revealed that,
2013 and 2011 stand out as the most destructive years of the
past 63 years period and deliver an indication that extreme
damage levels have the possibility to upsurge and should social
change lead to growing exposure of fortune and property.
Catastrophic tornado strikes and losses are very common in
Oklahoma, Texas and Kansas.
Missile steel and shield technology1
The maraging steel was developed in 1959 and then induced a
great attention, particularly in the aerospace, nuclear andign for tornado proof homes, HBRC Journal (2015), http://dx.doi.org/10.1016/
Fig. 5 F0 to F5 tornadoes’ damage [29,30].
Fig. 6 F5 and EF5 tornados in the USA for the period of
1990–2013 [31].
4 K. Kantamaneni et al.military world because of its enormous mechanical properties.
Maraging steel made up of high-nickel, extra-low-carbon,
iron-base alloys held an inordinate promise of offering an
amazing combination of structural strength and fracture
robustness, while, these steels have high mechanical strength
(1700–4000 MPa) and toughness, which means they can resist
high winds and temperatures [34,35]. However, 0.0130 MPa
are capable enough to resist the >400 mph winds [50,51,34].
Currently, some missiles are manufacturing alloys of one or
two metals and composite materials [36–40]. Moreover, missile
shield technology is a distinctive technology used in the forma-
tion of the body of the missile (Fig. 7). The steel is modiﬁed
into a curved, arched, or sheet-like structure, based on the
required properties and role of the missile; the steel is heated
and then appropriately modiﬁed. Once formulated, it is then
used to make the missile’s outer casing [41–43]. This technol-
ogy offers good results and high success rates and conse-
quently, missile steel has been used for the construction of
tornado proof homes. While, many modern houses are also
constructed of steel and often have innovative designs
(Figs. 8 and 9), TATA Steel that is one of the world’s top
10 steel manufacturers offers many diverse steel structures
and roofs (Fig. 10).Please cite this article in press as: K. Kantamaneni et al., Cost vs. safety: A novel des
j.hbrcj.2015.05.004Methodology
There are no rigorous and precise methodologies (collective
method) for designing and estimating the tornado proof
homes within technical, ﬁscal and safety perspectives, while,
most of the academic literature constructed on technical
drawings [16,47,17–19,48,20,21]. Accordingly, a coherent
and concise framework has been developed to design and
assess tornado resistant homes and its costs by incorporating
missile shield technology through – 2 Path Analysis
(Fig. 11). This new methodology was constructed in two
important paths:
Path One (P1): The practical applicability of providing new
3D-CAD designs for tornado-proof homes;
Path Two (P2): An initial estimate of construction costs and
safety issues.
Consequently, this methodology utilizes 17th version of
Archi-CAD software to design an innovative tornado resistant
home and subsequently assesses construction costs and safety
issues based on collected data.
Structural analysis of 3D-CAD design
This newly designed house consists of four vital structures
(Fig. 12a and b) as follows:
1. A vertical reinforced concrete pillar is located in the middle
of the house. It penetrates through the roof and extends
25% higher than roof height.
2. Secondly, a maraging steel sheet, is folded and located
inside the pillar.
3. Thirdly, an electric engine which is ﬁxed inside the bottom
of the pillar is used for propelling the steel sheet prior to a
tornado strike.
4. Fourthly, a tornado alarm is ﬁxed to the pillar and located
outside the roof.ign for tornado proof homes, HBRC Journal (2015), http://dx.doi.org/10.1016/
Figs. 7–10 (7) Missile body. (8) Steel home. (9) Inside the steel home. (10) TATA steel roof design for homes and commercial buildings
[44–46].
Design for tornado proof homes 5Moreover, there is another special structure in this model
that is an iron frame base, which stabilizes the maraging steel
roof during a tornado strike.
Evaluation of construction costs and safety scenarios
The second phase of the methodology evaluates the cost of the
missile steel roof. It also assesses how safe and technically
feasible this model is compared with other designs.Fig. 11 Methodology – 2 Path Analysis.Data
Tornado data were obtained from National Atmospheric
Administration (NOAA), Storm Prediction Center (SPC)
and TORRO databases. Besides, recent information regarding
tornado proof homes and economic costs was obtained from
the academic literature (Journals, Books, Conference papers),
while, data relating to maraging steel and its costs were
obtained from metal and steel companies as well as NASA
website. In addition, global housing and construction statistics
were obtained from legitimate construction databases across
the world, such as U.S. Census Bureau, Ofﬁce for National
Statistics (ONS)-UK, and National Buildings Construction
Corporation (NBCC)-India. Subsequently, these data were
analyzed for factual results.Please cite this article in press as: K. Kantamaneni et al., Cost vs. safety: A novel des
j.hbrcj.2015.05.004Results and discussion
Path One (P1)
Confronts in designing tornado proof homes
The design of the various components, materials and connec-
tions in a missile steel and shield construction to resist the
anticipated level of wind loads is feasible. However, there areign for tornado proof homes, HBRC Journal (2015), http://dx.doi.org/10.1016/
Fig. 12 3D CAD model – straight elevation of tornado proof home. (b) Cross section with missile steel and shield technology.
Fig. 13 Plan of tornado resistant home.
Fig. 14 3D-CAD model with steel cover with bottom frame.
Fig. 15 Plan view of tornado resistant home.
Fig. 16 Normal view of home, showing steel pillar.
6 K. Kantamaneni et al.some realistic confronts to developing these building models to
be tornado resistant. In a tornado strike, the constructions are
wedged by powerful winds (250 m/h); therefore, protecting the
home from these winds without casualties is a huge challenge.
If resistance home to wind impact has to be attained, subse-
quently the construction cost would rise substantially – in sur-
plus of 25–30%, so raising the question regarding the cost of
this extra investment. However, the current model is not anPlease cite this article in press as: K. Kantamaneni et al., Cost vs. safety: A novel des
j.hbrcj.2015.05.004exemption for those extra costs, but could be accepted by
homeowners due to its special characteristics.
Description of new invention
Analysis of the deadliest and costliest tornadoes across the
globe showed current strategies needed to be signiﬁcantly
improved by developing innovative tornado-proof homes.
They are needed to protect people and property from severe
tornadoes and accordingly, the proposed model would meetign for tornado proof homes, HBRC Journal (2015), http://dx.doi.org/10.1016/
Fig. 17 House designs across the world (Asia, Europe, US and Canada) with different square foot (SF).
Table 2 Tornado proof home – components and costs ($).
Components Costs ($) – based on location and size
Maraging steel $15,000–$55,000




Labor costs $ 200–$2000
Total costs $20,100–$80,300
Note: These are the extra costs for tornado proof homes along with
normal construction costs.
Design for tornado proof homes 7such objectives. Previous models failed to offer a reliable tor-
nado proof home, other than small rooms and trailers.
However, this innovative approach addresses all previous
design disadvantages.
Structural (technical) portrayals
All ﬁgures (Figs. 13–16) showing the new design for the
tornado resistant home were developed with 3D-CAD and
Archi-CAD software.
Mechanism
As tornado alarms give (Fig. 12a) a warning approximately
thirteen minutes before tornado strikes, there is time for the
maraging steel sheet to be propelled to the top of the pillar
by an electric engine ﬁxed at the base. Subsequently, it opens
like an umbrella, which covers the house on three sides, leaving
one side open for access (Figs. 14 and 15), and its direction will
depend on the country concerned. Strong winds generally
approach from three directions with weak winds from the
fourth and therefore, the new design covers three sides only.
After the tornado event, the steel cover folds automatically,
and the electric engine will then return close into the reinforced
concrete pillar and the top. Electric engine (Fig. 12b) is a small
and powerful device, and it is capable enough to impel any size
of maraging steel sheet during tornado strike. Due to its super
design, it is also very apt to pull back the maraging steel cover
as in the form of folded manner after tornado event.
Path Two (P2)
Costs ($)
The newly proposed tornado resistant house will cost more
than previous models because of the use of maraging steel.Please cite this article in press as: K. Kantamaneni et al., Cost vs. safety: A novel des
j.hbrcj.2015.05.004Based on various maraging steel company data and quoted
prices, costs are between $4000 and $10,000 per ton. The pro-
cess of transformation from crude maraging steel to the high-
est quality steel roof is a complicated and costly process.
However, it depends on various factors such as the area of
the house, its location (e.g. Asia, America and Europe)
(Fig. 17) and construction costs. Homes in many countries,
e.g. US, Canada, UK, Bangladesh and India (Applicable to
individual houses, bungalows and single story commercial
buildings and not applicable to Chain houses, Flats, multi-
story commercial buildings and hurts) have a ﬂoor area of
between 600 and 3000 SF, and accordingly construction costs
for these houses range between $90,000 and $300,000, while,
the proposed tornado resistant home incurs 25–30% higher
construction costs (along with normal construction costs)
(Table 2), with maraging steel being the most signiﬁcant com-
ponent. However, in the long-term it is suggested that these
increased costs would be returned as it will save on rebuilding
costs and importantly reduce the loss of life.ign for tornado proof homes, HBRC Journal (2015), http://dx.doi.org/10.1016/
Fig. 18 Illustration of probable tornado wind and windborne debris damage to residential properties [49].
Fig. 19 3D-CAD model house during tornado strike.
Table 3 Comparison of structural safety of the proposed
design and existing models.


































Did not oﬀer the
protection for whole
homes that are





in >400 mph wind
environment
Note: Explanation and reference of existing models are provided in
the Background Section.
8 K. Kantamaneni et al.Safety
As previously explained, from a safety perspective this pro-
posed design is signiﬁcantly safer than other models because
of the maraging steel. Maraging steel has higher tensile
strength, resistance and durability. Its use enables the building
to withstand very severe atmospheric conditions and it will be
capable of resisting unexpected changes in wind speed
(>400 mph) and temperature, even under extreme circum-
stances. Material properties have made maraging steel a vital
component of many missiles in use today, and based on this
rationale, research has demonstrated its potential to produce
a safe and resilient house.
Novel 3D CAD model: feasibility and rationalization
Four types of innovative structures and construction materials
are introduced in the newly proposed 3D-CAD model, while,
this model is signiﬁcantly better model than existed models,
based on ﬂowing claims.Please cite this article in press as: K. Kantamaneni et al., Cost vs. safety: A novel des
j.hbrcj.2015.05.004Claim 1
Maraging steel envelope offers an ultimate protection
from >400 winds as well as heavy ﬂying objects (Figs. 18
and 19) for the whole home which were not provided by exist-
ing models (Table 3) due it its unique design and materials.
Claim 2
Maraging steel envelope also protects the human life from
severe winds and ﬂying objects, which also did not provide
by previous designs, while there is no need to move to tornado
shelters.
Claim 3
This model saves the repeated re-construction costs.ign for tornado proof homes, HBRC Journal (2015), http://dx.doi.org/10.1016/
Design for tornado proof homes 9Claim 4
The mechanism (described in section 3) used in this design to
propel Maraging steel from the base, is completely innovative,
ﬁscally effective and simple process.
Based on aforementioned issues, this research is concluding
that, this model is more reliable, practicable, relatively safer
and cost-effective than previous designs though it has high
construction costs. (High construction costs are comparatively
lower than repeated re-building costs).
Conclusion
This work described a novel 3D-CAD model incorporating
missile steel and shield technology for tornado proof homes.
It identiﬁed safety aspects for the construction and used
Archi-3D-CAD software in the development of drawings.
The newly designed model shows substantial advantages over
most of the conventional resistant home designs or safe rooms
via a vulnerability research study. Consequently, in this new
design, a reinforced concrete pillar is located in the middle of
the home, which extends a further 25% of its length above
the roof. This supports a tornado alarm, while a maraging steel
sheet folded within the pillar. Based on current advanced
warnings of tornadoes, generally thirteen minutes before a tor-
nado strike, alarms are sounded, and the steel sheet is released
from the pillar, protecting three sides of the structure, while
allowing access and egress. Following the event, the maraging
steel sheet is returned into the pillar, and the top closed.
The newly designed model shows substantial advantages
over most of the conventional resistant home designs or safe
rooms via a vulnerability research study. Therefore, this new
3D-CAD model provides a safer and more responsive con-
struction than previous models. However, while tornado proof
buildings/homes with missile shield technology are feasible
construction costs are 25–30% higher than for standard con-
struction. Therefore, a house can become a home for many
years to come, even when in the midst of tornadoes.
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